Abstract. The method of synthetic photometry, using the calculation of magnitudes, color indices and other photometric quantities of stars from their spectral energy distribution functions, is being used for obtaining the transformation relations between various photometric systems, the selection of optimum positions of passbands for stellar classification, for investigation of interstellar and atmospheric extinction effects (the band-width effect), for restoration of response functions of the photometric system, for calibrations of photometric quantities in terms of physical parameters of stars, for calibration of magnitudes in absolute fluxes and many other tasks. The paper describes the history of the method and its different applications.
HISTORICAL INTRODUCTION
Probably, the first approach to the synthetic photometry can be found in the review paper on stellar photometry prepared by Strömgren (1937) . He has analyzed theoretically the effective heterochromatic fluxes F e (\) corresponding to the response function R(A) and the spectral energy distribution function F(\):
J F(\)R(X)d\
FeW -jR(X)d\ ' (1) which was necessary to find the isophotal wavelength A¡, i.e. the wavelength in which monochromatic and heterochromatic fluxes coincide. It was shown that in the case of F(X) with no curvature and jumps (i.e. when the second derivative /"(λ) = 0), heterochromatic and monochromatic magnitudes should coincide at the mean wavelength λο defined by equation
_ jR(X)XdX Ao -J R(X)dX •
(2) King (1952) has extended these mathematical experiments trying to find the wavelength at which the heterochromatic extinction (either in the Earth's atmosphere or in the interstellar medium) is equal to the monochromatic extinction:
J F(X)R(X)XdX e~ jF(X)R(X)dX · { }
However, neither Strömgren, nor King have made calculations with energy distribution functions of real stars which at that time were known only very approximately.
The numerical experiments were started by Arp (1961) whó calculated equations relating the magnitudes Β of the UBV system and some photographic magnitudes containing different amounts of ultraviolet radiation beyond the Balmer jump. The same method was used by the author of the present review to investigate the relations between magnitudes of the UBV system and other photometric systems, including the Cape U C BV system and the RGU system (Straizys 1963a (Straizys ,c,e, 1964d . For the first time, the interstellar reddening lines were calculated in these relations. Later on, the method was in permanent use in the Vilnius Observatory for the calculation of relations between various photometric systems and many other purposes. Also in 1963, I used the synthetic photometry to analyze parameters of the UBV and RGU photometric systems (Straizys 1963a ,d,f, 1964b , 1965a , Straizys L· Zdanavicius 1964b . It was shown that in both systems there is a considerable dependence of the slope of reddening lines on spectral class and luminosity. Also, errors in the results of the computations of R = Ay /EB-V by Blanco & Lennon (1961) and Schmidt-Kaler (1961) have been found.
GOALS OF THE SYNTHETIC PHOTOMETRY
Synthetic photometry may be used for the solution of a wide variety of problems related with stellar and galactic photometry:
The method of synthetic photometry 461 -transformation of magnitudes and color indices between different photometric systems; in the case of the close passbands, such transformations are called color equations,
-reduction of magnitudes and color indices to outside the atmosphere, -investigation of the ratios E1/E2, A/E and reddening-free parameters Q on spectral type, absolute magnitude, metallicity and other physical parameters of stars (the band-width effect), -selection of optimum photometric passbands for various classification purposes, -calibration of photometric quantities in terms of physical parameters using model stellar atmospheres, -calibration of various passbands in absolute fluxes, -calculation of color indices of the Sun, black bodies, nonthermal sources, etc.
-determination of the actual response functions of the photometric system.
THE METHOD
Synthetic photometry is based on the equation: If color indices are defined by Eqs. (4) and (5), the value of the index directly shows by how many magnitudes the star is brighter in the Ri(\) passband in comparison with the ^(A) passband. The constant in (4) is not always conditioned by Eq. (5). It may be selected so, as to make the index mj -m2 = 0 for a star of a definite spectral type. Color indices are often normalized to zero for AO or O-type stars.
The synthetic color indices for different x, masses of interstellar dust, make it possible to calculate color excesses, their ratios and the reddening-free photometric parameters:
Interstellar extinction in the passband m can be calculated by the equation:
Difference of A in two passbands gives the color excess
By changing the exponent x, one can calculate the dependence of color excesses Ει and E2, their ratios E1/E2 and the ratios A/E on the amount of interstellar dust (the band-width effect or shift of the effective wavelength of the passband with increasing of the reddening). Also, one can find the dependence of the above photometric parameters on the interstellar reddening law τ(λ).
By taking different functions of the atmospheric extinction p(X) and different exponents X, one can investigate the dependence of the atmospheric extinction coefficients on physical parameters of stars and on the interstellar reddening.
In a similar way, magnitudes of stars can be calculated: 
Energy distribution functions in stellar spectra can be either absolute or relative. The absolute functions are expressed either in energy flux units W-cm
. The relative functions are given with respect to the intensity at some chosen wavelength. They can be expressed either in intensity ratios or in stellar magnitudes. Both absolute and relative energy distribution functions can correspond either to wavelength unit interval or to frequency unit interval. The relation between F( A) and F (is) is:
Usually, for calculation of the synthetic magnitudes Eq. (10) is used. This means that before integration energy distribution functions must be transformed to the F(\) form.
The most accurate synthetic magnitudes and color indices will be obtained in the case if the bins of all functions are sufficiently small. Usually, the size of a bin is defined by the energy distribution functions. In the case of the medium-and broad-band photometric systems the ΔΑ bins of 5 nm are acceptable. For the narrow band systems with half-widths of ΔΑ < 10 nm much smaller bins axe necessary.
The precision of synthetic magnitudes and color indices depends also on the accuracy with which the response functions of the passbands are known. Therefore, the sensitivity curve of the detector and transmittance curves of filters and other optical components of the photometer must be measured with the greatest care.
ENERGY DISTRIBUTION FUNCTIONS
Energy distribution functions should cover all the spectrum without interruptions within the range of wavelengths of the response functions R(Λ). All spectral lines, bands and jumps must be taken into account. In most cases the energy distribution should correspond to stars not affected by interstellar dust, i.e. energy distribution functions must be dereddened (color excesses excluded). Also, the absorption features in the Earth's atmosphere (molecular bands of H2O, O2, etc.) should be carefully excluded.
For the different tasks of synthetic photometry, we have prepared a series of catalogs of the mean energy distributions in the spectra of stars of various spectral classes, luminosity classes, metallicities. They are published in the Bulletins of the Vilnius Astronomical Observatory.
The first catalog by Straizys & Sviderskienè (1972) includes energy distribution functions in the spectra of 49 stars of different spectral classes and luminosities: 18 main sequence stars from 07 V to M5 V, 3 subgiants G5, G8 and KO IV, 14 giants from A5 III to M6 III and 14 supergiants from BO I to M2 I. The numerical data are given in relative fluxes to unit wavelength interval normalized to 100 at 550 nm. Each value given in the catalog is the flux integral in the interval of Δλ = 5 nm, centered on the given Λ. The flux data cover the interval from 300 nm to 1000 nm with a step of 5 nm. The functions are based on energy distribution data taken from 38 publications and obtained by photoelectric methods. Before averaging, all data are transformed into one system of absolutization. Energy distribution functions in other Vilnius catalogs are of the same form, differ only the ranges of wavelengths.
The next catalog by Sviderskienè (1974) contains an extension of the energy distribution data of the first catalog to infrared wavelengths up to 1100 nm with some correction of the Straizys & Sviderskienè (1972) data in 990-1000 nm range. The data for the same stars are extended even farther, to 1250 nm, in Straizys, Kuriliené & Sviderskienè (1981) . The data are extended into the ultraviolet down to 125 nm by Sviderskienè (1980) using the observations by TD-1 and OAO-2 satellites. All the data of the listed catalogs supplemented by new observations and new spectral types (including the IUE data) are published by Sviderskienè (1988) for 34 main sequence stars from 07 V to M7 V, 12 subgiants from A4 IV to K3 IV, 24 giants from B9 III to M7 III, 10 bright giants from B2 II to M4 II and 18 supergiants from BO I to M2 I.
Energy distribution data for met al-deficient stars (10 extreme subdwarfs and 5 met al-deficient giants) have been published by Bartkevicius & Sviderskienè (1981) . The data were supplemented and renewed in the catalog by Sviderskienè (1992) containing energy distributions of 11 extreme subdwarfs, 10 mild subdwarfs, 9 extreme met al-deficient giants, 12 mild met al-deficient giants and 10 horizontal-branch stars. The data are given from 120 nm in the ultraviolet to 1250 nm in the infrared, with a step of 5 nm, as in the catalogs of normal stars.
All these catalogs are available on IBM diskettes.
Recently, a few more libraries of energy distributions in the visible and near infrared with higher resolution have appeared. They include Gunn & Stryker (1983) , Jacoby et al. (1984) , Pickles (1985) , Silva & Cornell (1992) , Danks & Dennefeld (1994) , Knyazeva & Kharitonov (1993 , 1994a ,b, 1996 . Some of them are intercompared by Valiauga, Vansevicius & Straizys (1996) . However, these catalogs embrace much shorter interval of wavelengths and smaller variety of spectral types in comparison with the catalogs by Straizys & Sviderskienè (1972) and Sviderskienè (1988 Sviderskienè ( , 1992 which cover the wavelengths from 125 to 1250 nm for stars representing most of spectral and luminosity classes.
TRANSFORMATION OF MAGNITUDES AND COLOR INDICES
One of the most important applications of the synthetic photometry method is the calculation of relations between magnitudes and color indices of the close photometric systems. With close systems one encounters by setting up a standard system by different sets of filters or a different detector. For the empirical determination of exact relation between magnitudes or color indices of two systems, tens and even hundreds of stars of different spectral types, luminosities and interstellar reddenings are required if the relation is sufficiently complicated. However, one can obtain the same result by synthetic photometry of 49 stars representing various spectral types.
The Vilnius astronomers have used this method to calculate the relations between the UBV and RGU systems (Straizys 1963a (Straizys , 1964d , between different versions of the UBV system (Straizys 1963c ,e, 1973 , Azusienis & Straizys 1969b , Meistas et al. 1975 , Straizys & Lazauskaitè 1995 , between the UBV, Strömgren and Vilnius systems Sviderskienè & Straizys 1970 , Straizys 1973 , 1977 , 1983 , between different versions of the Vilnius system (Straizys, Boyle & Kuriliené 1992 , Straizys L· Lazauskaitè 1995 , between the spectrographs and standard uvby systems (Kuriliené & Straizys 1987) .
The calculated relations in majority of cases are non-linear, with different sequences for various luminosity classes and the reddening lines usually do not coincide with the unreddened sequences. As an example, the difference between the W-B and U-B color indices plotted against B-V is shown in Fig. 1 (from Straizys 1992) . The complicated relation of the two color indices, dependent on spectral classes, luminosity classes and interstellar reddening, is evident.
In cases, where we had an observational determination of the relations of the same color indices, a good coincidence has been found. At the same time, many small effects in the relations determined from observations cannot be detected due to errors of magnitudes and color indices. This means that the method of synthetic photometry can successfully replace the labor-consuming observations.
SELECTION OF OPTIMUM POSITIONS OF PASSBANDS
Synthetic photometry may serve for a construction and analysis of new photometric systems planned for classification of stars. An example is the series of papers in which the optimum passbands were selected for the Vilnius photometric system (Straizys 1963b , 1964c ,e, 1965b , Zdanavicius L· Straizys 1964 , Straizys & Zdanavicius 1965a ,b,c, Straizys & Kuriliené 1981 . This medium band system was planned for photometric determination of spectral classes, absolute magnitudes, metallicities and peculiarities in presence of interstellar reddening for stars of all possible temperatures. In the process of selection we made shifts of the passbands, changed their form and half-widths. The choice of optimum positions and widths was based on the analysis of two-color and Q, Q-diagrams formed from various physically motivated passbands.
As an example, 20 synthetic QXYZIQXZS diagrams for \χ = 405 nm, Ay = 460 nm and different positions of Α ζ and As are shown in Fig. 2 . The optimum diagram with A ζ -510 nm and As = 640 nm was selected (Straizys & Zdanavicius 1965b ). The ultraviolet passband W, suggested for replacement of the ill-defined passband U of the UBV system, is also selected on the ground of synthetic photometry (Straizys 1973 ).
DEPENDENCE OF PARAMETERS OF A PHOTOMETRIC SYSTEM ON ENERGY DISTRIBUTION
In the case of broad and medium band photometric systems, interstellar extinction in each passband depends on energy distribution of the star which is a function of spectral class, luminosity, metallicity and interstellar reddening. This means that interstellar extinction is different for stars of various spectral types when the same quantity of interstellar matter is crossed by starlight. Moreover, in the case of broad passbands the dependence of Am on χ ceases to be linear. The wider the response function, the larger is the variation of Am with F(Λ) and the larger are the deviations of the Am(x) function from linearity.
The method of synthetic photometry was used to investigate the dependence of Au, AB, Ay, EU-B,
EB-V, EJJ-B / EB-V and

AV/EB-V
by Straizys (1963a Straizys ( ,d,f, 1965a Straizys ( , 1977 Straizys ( , 1992 , Azusienis & Straizys (1964a , 1966c , 1967a , 1969a , Südzius (1974) , Straizys, Südzius & Kuriliené (1976) . Investigations by other authors on the same matter are reviewed in my monographs (Straizys 1977 (Straizys , 1992 . 
REDUCTION TO OUTSIDE THE ATMOSPHERE
The atmospheric extinction, given by X air masses, is
where a is the extinction coefficient in magnitudes. The band-width effect makes a dependent on X, i.e. the dependence of m on X deviates from linearity: with an increase in X, the extinction m -m° increases more slowly than in the case of monochromatic passbands (the Forbes effect). Also, a depends on the energy distribution in the spectrum. Synthetic photometry was used to calculate the theoretical extinction coefficients for the UBV system by Azusienis & Straizys (1966b , 1969b and Zdanavicius (1975) , for the Vilnius system by Zdanavicius (1970 Zdanavicius ( , 1975 , for the uvby system by Tautvaisiené & Straizys (1985) . For color indices, containing a broad-band ultraviolet passband, the dependence of a on spectral class, luminosity and interstellar reddening is quite complicated (Fig. 4) . In such a case, only synthetic photometry makes it possible to investigate the exact form of the dependence of a on color indices and color excesses as well as the luminosity effects. It was shown that the second-order extinction coefficients, originating from the band-width effect, should be determined only by the synthetic photometry since their determination from observations is a very labor-consuming job and is of very low accuracy (see Zdanavicius 1996 for more details).
DETERMINING OF RESPONSE FUNCTIONS
In some cases, the synthetic photometry can be used for the reverse problem: the determination of R(A) when the magnitudes or color indices are known from observations. This method was applied for the first time by Azusienis & Straizys ( 1966a ,b, 1969a for the restoration of the response functions of the UBV photometric system. We took into account the selectivity of aluminum reflections, the extinction of the atmosphere, the balsam absorption, the temperature dependence of sensitivity of the photomultiplier and of the transmittance of the filters. Since the transmittance of an average atmosphere and of Canadian balsam were unknown, we changed these functions gradually, comparing the synthetic color indices with the observed ones. A good coincidence of both types of color indices signified that the response curves have been restored successfully.
Later on, a similar method has been used by Buser (1978) and Bessell (1986) to improve the response function of the ultraviolet passband of the UBV system. The same method was applied by Sapar & Malyuto (1974) for the restoration of respönse functions of Johnson's RI passbands.
Other example of similar reverse synthetic photometry is the determination of exact response functions of the Geneva photometric system accomplished by Rufener L· Nicolet (1988) and Nicolet (1996) .
CALIBRATIONS OF PHOTOMETRIC QUANTITIES IN TERMS OF PHYSICAL PARAMETERS OFlSTARS
Synthetic photometry of the model atmospheres of stars makes it possible to calibrate color indices and diverse photometric diagrams in terms of temperatures, surface gravities and metallicities. This method has been used by many authors to calibrate the uvbyß, DDO, Walraven and other systems. The Vilnius system model calibrations were started by Straizys (1978 Straizys ( , 1979 . However, the first energy distributions of the Kurucz models showed considerable system-atic differences in comparison with observational data. Recently, we have started a new calibration of the Vilnius system diagrams using the fluxes of the new Kurucz model atmospheres (Straizys, Kurucz, Philip & Valiauga 1993) . Fig. 5 shows the diagram QUPY,QPYV calibrated in terms of Teff and log g from this paper.
CALIBRATION OF THE MAGNITUDES IN ABSOLUTE FLUXES
An absolute calibration of the magnitudes of the UBV, uvby and Vilnius systems by synthetic photometry has been made by Straizys (1970) and Straizys h Kurilienè (1975) . The method of the second paper in English is described in my monograph (Straizys 1992, p. 426-427) .
COLOR INDICES OF THE SUN
Direct measurement of color indices of the Sun are very complicated because of the necessity of attenuating the enormous range in brightness (about 30 mag) to compare directly the extended solar disk with point-like stars and to extend the photometry from daytime to nighttime. Therefore, many authors tried to determine the V magnitude and color indices of the Sun in diverse systems by synthetic photometry, using its energy distribution curves and the exact response functions of the systems. One of the newest papers, using this method, has been published by Straizys & Valiauga (1994) . There, the color indices of the Sun in the UB V system and in the Vilnius system have been calculated. The results are in accordance with a spectral type of G2 V. Also, synthetic color indices have been obtained using the synthetic spectrum of the Sun's model atmosphere calculated by Kurucz (1993) . A good coincidence of color indices for the observed and the theoretical energy, distributions of the Sun is found.
COLOR INDICES OF BLACK BODIES
In many cases it is important to compare color indices of stars of various types with color indices of black bodies of different temperatures which can be calculated from the Planck equation. We did this several times for the UBV system (Azusienis & Straizys 1967b , 1969a , Straizys, Sudzius & Kurilienè 1976 , Straizys 1992 ) and other photometric systems.
PHOTOMETRIC PROPERTIES OF NON-STELLAR OBJECTS
Synthetic photometry makes it possible to calculate color indices, color excesses and other photometric parameters for globular clusters and galaxies if their energy distributions in the integrated light are known. We have calculated interstellar reddening lines in the U -Β,Β -V diagram for globular clusters of different metallicities (Straizys & Sviderskienè 1977 ) and two-color diagrams for different types of galaxies in several photometric systems, including the Vilnius system, and several broad and super-broad band systems (Straizys & Sviderskienè 1983) . In the last paper we have shown that there is a possibility of determining the types and redshifts of galaxies from their multicolor integrated photometry.
RECOMMENDATIONS
The method of synthetic photometry has been shown to be a very effective tool for solving many problems related with the reductions and interpretation of photometric observations of stars and other objects. The method should be in everyday use making reductions of observations to outside the atmosphere" and to the standard systems. For this, each observing team should possess a software package with the necessary catalogs of energy distribution functions, response functions, transmittance functions of atmosphere and interstellar dust. All this software and catalogs are available at our Institute for using with IBM PC type computers. We are ready to provide all this material to interested astronomers.
